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PURPOSE 

T o  develop suitable.st i l l ing basins  in the power-plant af terbays 
to  distr ibute and quiet the discharge f rom the turbine by-pass  energy  
a b s o r b e r s  to  prevent erosion damage to the af terbay channels. 

CONCLUSIONS 

1 .  A sti l l ing basin design consist ing of a sho r t  channel about 9 
feet  wide by 8 feet deep  with a sloping downstream end and two la rge  
t r ansve r se  baffles inclined downstream 15' f rom the ve r t i ca l  will 
sa t isfactor i ly  control  the discharge f rom the energy a b s o r b e r s  a t  the 
Pole  Hill and Flat i ron Power  P lan ts .  (F igures  7H, 14, and 18D). 

2 .  During by-pass operation the energy absorber  flow will sweep 
the recommended s t i l l ing basins c l e a r  of deb r i s .  

3 .  The basin designs operate  equally wel l  a t  maximum and ri;in- 
imum tail-water depths.  

4. The re  will be no p re s su re  reduction on the basin f loors  suf- 
f icient to cause la rge  uplift forces .  

5 .  The  discharge f rom the draf t  tube of the Pelton energy ab- 
s o r b e r  for  the Pole Hill and Flat i ron turbine by-passes occu r s  with 
a distorted velocity front and contains la rge  quantities of a i r  which 
a r e  required in the abso rbe r  to suppres s  cavitation damage.  Both 
the distorted velocity front and the la rge  amount of entrained a i r  tend . to  produce rough flow in  the power-plant af terbays (F igures  17  and 20). 

6 .  The uniformity of the a i r -water  mixture  at the exi t  of the ab- 1 ,  s o r b e r  d r a f t  tube affects  the st i l l ing basin operation.  A reasonably 
uniform mixture a c r o s s  the passage,  as is anticipated in both proto- 
type s t ruc tu re s ,  i s b e t t e r  controlled by the basin than a nonuniform 
mixture with la rge  amounts of a i r  in the upper regions, a s  occur red  
in the models .  



paved channel because a lmos t  no scour  occurred on the ioose ;;a- 
gravel  that was used i n  the Pole  Hill model  to represen t  the r ip -  
rapped channel of the pre l iminary  design afterbay (Figure  9B). 

8.  A small ,  45' deflector on the inside cor-ne;. a t  the end of 
the left af terbay training wall of the Pole  Hill s t ruc tu re  (Figure  14) 
reduces  the water  velocities along the left af terbay channel bank. 

't 

9 .  The beam-supported t r ans fo rmer  deck in the pre l iminary  
design, modified to include s ix  3-inch o r  l a r g e r  vents through the 
beams to relieve any trapped a i r ,  is sat isfactory fo r  the Pole  Hill 
s t ruc tu re  (Figure  14). 

10.  The deflector mentioned in (8) is not required on the F la t -  
iron Power  Plant  st i l l ing basins.  

11.  Removal of the 90° elbow from the absorber  d ra f t  tube resu l t s  
in a near ly  uniform a i r -water  mixture  a t  the draf t  tube outlet, but in 
higher velocity concentration (Figure  19) .  The st i l l ing basin perform- 
ance with the s t ra ight-draf t  tube is bet ter  than with the tube having an 
elbow because the benefits der ived from the improved a i r -water  dis t r i -  
bution m o r e  than offset the effect of the higher concexztrali.on of water 
velocit ies.  However, s ince  the manufacturer  guaranteed the energy  ab- 
sorber-draf t  tube a s sembly  as a unit design changes could not be made, 
and the straight-draft  tube could not be used on the prototype s t ruc tu re s .  

RECOMMENDATIONS 

1, Use the short ,  channel-like s t i l l ing basins with t r ansve r se  
baff les  t9 dis t r ibute  the discharge f rom the energy a b s o r b e r  draf t  
tubes a t  the Pole W i l l  and Flat i ron Power  P lan ts  (F igu res  14 and 18D). 

2. Use the 4fi0 deflector on the inside edge at the end of the 
left af terbay training wall  a t  the Pole  Hi l l  Plant (F igure  14). 

3. U s e  the beam-suppo~.ted tt.ansformer deck with a i r  vents 
through the beams over  the Pole  Hill af terbay s t ruc tu re  (Figure  14). 

4.  Consider a program to develop an energy a b s o r b e r  design 
that requi res  l i t t le 01. no ail. f o r  the control  of cavitation-erosion and 
has  a "flat" velocity front a t  the draf t  tube exi t .  A sat isfactory ab-  
s o r b e r  design incorporating the above chal-acterist ics would find wide 

b 
usage, 
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INTRODUCTION 

The Pole  Rill and Flat i ron Power  P lan ts  a r e  incorporated in 
the E s t e s  Park-Foothi l ls  Power  Aqueduct, a par t  of the Colorado-Big 
Thompson P ro j ec t  in Colorado. The Pole  Hill P lan t  is about 14 mi les  
wes t  of Loveland, Colorado, The Flat i ron Plant is about 11 mi les  west 
of Loveland (Figure  1). 

The main purpose of the Colorado-Big Thompson P ro j ec t  is to 
collect  water  f rom a r e a s  on the wes te rn  slope of Colorado where the 
supply is abundant dur ing the sp r ing  run-off, and diver t  this water  a t  
a uniform ra t e  to  the ea s t e rn  slope of Colorado where  the supply i s  
short ,  (Figure  1). Water  is collected f rom regions high i n  the moun- 
tains and a f t e r  being t ransported under the Continental Divide through 
the Alva T,. Adams Tunnel e n t e r s  the E s t e s  Park-Foothi l ls  Power  
Aqueduct. The  squeduct c a r r i e s  the water  f rom elevation 8258 a t  the 
Adams Tunnel exit, to elevation 5430, the level  of Horsetooth Rese r -  
vo i r .  The elevation differences of! 2, 828 feet  between the inlet and 
outlet  of the aqueduct, combined with the quantity of water  flowing, 
makes  possible the realization of. l a rge  quantities of hydroelectric 
power.  Advantage is being taken of this possibility by including 
power plants along the aqueduct. Pole  Hill and Flat i ron a r e  twq of 
these  plants, and they will  operate  under heads of 838 and 1, 055 feet, 
respect ively.  

The re  may be occasions when the Pole  Hill and Flat i ron P lan ts  
d o  not opera te  because of s m a l l  power demands.  In o r d e r  to not in te r -  
f e r e  with the normal  de l ivery  of water  to the s torage  r e s e r v o i r s  and 
f ie lds ,  provisions a r e  made to pass  the water  e i t he r  through o r  around 
the plants. At Pole Hill a divers ion channel s k i r t s  the s ingle  uni t  plant 
(F igure  2). During the shutt ing down of the Pole' Hill turbine, the flow 
m u s t  pass  through the turbine by-pass .  The  by-pass can then be closed 
and the water  diverted past  the plant through a divers ion channel. In the 
Flat i ron s t ruc ture ,  the flow will pass  through the multiple unit plant, and 
when the turbine-generator  units a r e  not operating the water  mus t  pass  
continuously through the by-passes  (Figure 3). 

Past experience h a s  shown that excessively rough flow con- 
di t ions  can occur  i n  power-plant af terbays when by-passes  a r e  operated 
under  i?igh heads.  W,hen the operation is continued fo r  extended periods,  
the cu r r en t s  and waves in the ta i l race  can inflict ma jo r  damage to the 
riprapped c!lannel surfaces .  The turbulence in the af terbays during by- 
p a s s  operation is mainly due to the poorly distributed flow discharged 
by the by-pass  energy absorber -d  raft  tubes. Previously conducted 
s tudies  on a 1:4 scale  model of the abso rbe r  type to be used a t  the Pole 
Hill and Flat i ron P lan ts  showed that velocit ies up  to 40 fps  would be 
expected in  cer ta in  a r e a s  a t  the exit, of the prototype draf t  tube, whereas  
the velocity would be z e r o  o r  even reversed  in  dir.ection in other  a r e a s  
(Report  No. Hyd-348). 



the development of st i l l ing basins  within ihe power-plant af terbays 
to distr ibute and quiet the rough flows f rom the abso rbe r s  and there-  
by produce smoother  ta i l race  conditions. Scale models were  built 
of the Pelton energy abso rbe r  and the Pole  Hill and F la t i ron  af terbays 
to a s s i s t  in the studies.  The Pole Hill model  was operated at  conditions 
represent ing a discharge of 604 cfs, a head of 838 feet ,  and tail-water 
elevations ranging from 6580.0 to 6593. 0 feet. The Flat i ron model  
was operated at  conditions represent ing a discharge of 475 cfs, a-head 
of 1, 055 feet, and ta i l -water  elevations ranging f rom 5462.0 to  .5472. 8 
feet. This  repor t  dzsc r ibes  the hydraulic models and d i scusses  the 
r e su l t s  obtained from the model tests.  

INVESTIGLITION 

1:9 Model of the Pole Hi l l  Afterbay 

The 1:9 sca le  model represented the by-pass valve, the by-pass 
energy  absorber ,  the power-plant af terbay s t ruc tu re ,  and about 90 feet 
of the excavated channel below the plant (F igures  4 and 5). The by-pass 
valve and absorber  a r e  discussed in detai l  l a t e r  in this report .  In.the 
af terbay portion of the model, the ver t ica l  concrete  wall  forming the 
r ight  side of the prototype power-plant af terbay and excavated channel 
(F igure  2) was represented by the s ide of the sheet-metal  lined box 
which contained the model (Figure  4). The remainder  of the af terbay 
s t ruc tu re  was built of woqd, and where neces sa ry  the wood was covered 
with sheet  metal  to make it waterproof. The invert  and sloping left 
side of the excavated channel were formed in I - l / ~ - i n c h  gravel .  Gravel  
was used throughout the t e s t s  to represent  the ma te r i a l  of the excavated 
cqannel even though field conditions l a t e r  showed that a concrete  lining 
was required to stabil ize loose schis t .  The grave l  was used to facil i tate 
the study of s cou r  conditions i n  the model. Water  was supplied to the 
model by the laboratory sys tem which contained Venturi  m e t e r s  f o r  
measuring the ra te  of flow. The s ta t ic  head of the wa te r  enter ing the 
by-pass needle valve was measured upstream from an elbow in the 3-inch 
pipe leading to the valve. Thus the loss  f o r  the elbow was added to the 
s ca l e  head for  the reading a t  this point. ~ y a d j u s t i n g  the 3-inch needle 
valve and the regulating gate in t i ~ c  8-inch supply line, any combination 
of discharge and head could be obtait~ed within the l imi t s  of the labora-  
tory pumps. The tail-water elevation in the model was regulated by an 
adjustable tailgate a t  the downstream end of the model and was measured  
by a single-leg water  manometer  fitted with an appropria te  scale .  The  
water  discharged f ree ly  f rom tne end of the model and returned to the 
laboratory reservoi r .  

Flow Distribution a t  the Energy-Absorber  Draft  Tube Exit  

It was neces sa ry  to build a 1:9 s ca l e  model of the Pelton by-pass 
energy  absorber  to obtain flow i n  the model af terbay represent ing the 



- - 
tion ( ~ i ~ u r e  5). The model included a needle valve to represent  the 
by-pass needle valve, and an a i r  inlet system through which a i r  was 
measured and admitted to the absorber interior.  This absorber requires 
air to prevent cavitation damage to i ts  components. F o r  the Pole Hill . operating condition 8 percent a i r  (rat io of f r e e  -air disc!large to water 
discharge by volume) was required to just quiet (by ear)  the cavitation 

the model absorber.  The absorber would take 12.5 percent a i r  with 
‘a the air inlet valve fully opened. 

Water was supplied to the model a t  the ra te  of 2. 48 cfs a t  an 
82.4-foot static head measured a t  a point just upstream from the elbow 
in the 3-inch line (Figure 4). This  value included the scale static head 

v2 
for the valve, 56.9 feet, and the bend loss  hl = 0. 7-s 0 . 7  (36.4) = 2g 
25.5 feet. The 56.9-foot static head at  the valve entyance plus the 
velocity head of 36.4 feet in the 3-inch pipe produced a total model head 
of 93 .  3 feet of water. This wasi equivalent to the prototype Pole Hill 
head of 838 feet. The velocity distribution of the discharge leaving the 
model-draft tube was measured by pitot tube t raverses  in a vertical 
plane 4 inches upstream from the absorber-draft tube outlet (Figure 5). 
Three t raverse  stations were located in the plane; one on the model 
passage center line, arid one on each side 3-1/2 ,inches from the center 
line. The flow occurred with high velocities ac ross  the width of the 
draft tube near the tube bottom and at the left and center  t raverses  near 
the tube top. Low velocities were present in the middle of the center 
t raverse  and at the top of the right t raverse  (Figure 6 ) .  The flow 
pattern was somewhat unstable in the draft tube, particularly a t  the 
center t raverse.  This is part ly attributed to the large  volumes of a i r  
present i n  the flowing water. The instability of the flow made it  diffi- 
cult to duplicate readings at  the center t raverse  and severa l  tes ts  were 
made at this station to establish the velocity profile for  the given oper-. 
ating conditions. Two tests  were made at each side statisn. 

Velocities up to 9.3 fps  were found in the model. This corre-  
sponds to a prototype velocity of 9. 3xifscale ratio' = 9 . 3 x f l x  27.9 fps 
for  the Pole Hill structure. These velocities a r e  somewhat lower than 
those indicated by tes ts  on the 1:4 model, Report Hyd-348. 

I 

The pitot tube, when in position fo r  making a traverse, was 
sensitive to direction in the horizontal plane and was rotated to place 
the total head opening directly into the flow by balancing the p ressures  
in the two static legs. This  directional sensitivity showed that the flow . at the s ide t raverses  moved toward the center of the passage at  the top 
of the draft  tube (which corresponds to the inside of the elbow) and 
moved outward from. the center  at the bottom of the passage (which corre-  
sponds to the outside of the elbow). This is in accordance with the sec-  
ondary flow circulation commonly found downstream from a conduit elbow. 
This secondary flow, combined with the large  volumes af a i r  in the 
flow, probably accounts for  the unstzble conditions a t  the center pitot 
tube station. 



Stilling Basin for  the Energy Absorber  Discharge 

No baffles--sloped end. The outlet of the gy absorber -  
d ra f t  tube w a s  placed about 8 feet  (prototype) lower than the outlets 
of the turbine draf t  tube (F igures  4 and 8A). This  produced a basin 
approximately 8 feet  deep by 9 feet  wide in the inver t  of the af terbay 
s t ruc ture ,  F o r  the f i r s t  tes t  the end of th i s  basin was sloped upward 
to meet  the normal  afterbay inver t  elevation at  ttie downstream end of 
the apron (Figure  7A).  Eight percent a i r  was admitted t o  the abso rbe r  
dur ing this and a l l  subsequent t e s t s  on the s t i l l ing basin f o r  the Pole  
Hill energy abso rbe r .  This  was the amount of a i r  needed to just quiet 
(by e a r )  the cavitation in the model absorber ,  Flow in the afterbay 
was v e r y  turbulent with this basin design (F igure  8B). High water  
velocit ies and seve re  wave action were  present  a t  the end of the left 
power plant wall  and on the lef t  bank of the r i v e r  channel. The scour  
that occurr-ed in the channel can be judged by comparing the contours 
of the channel before the flow was s ta r ted  (Figure  8A) with the contours 
produced by a run of 2 -1 /2  hours at  the maximum discharge and head, 
and with the minimum tail-water elevation of 6580.0 (Figure  9A). 

No baffles--vertical  end. The sloping end of the basin was 
replaced by a ver t ica l  wall  placed nea.r the downstream end of the 
af terbay floor (Figure  7R). This  design brought the a i r -water  mixture  
to the af terbay surface fur ther  upstream than the pre l iminary  design, 
but in too violent a manner.  In addition, rocks were  c a r r i e d  into the 
end of the basin where they moved about to pound and ba t te r  the basin 
walls and floor. 

Vertical ,  tr iangular baffles- -ve rstical and sloping ends. T h r e e  
ver t ica l  tr iangular baffles, s i m i l a r  to those used in the Flat i ron Pump- 
'Turbine by-pass s t ruc tu re  (Report No. Hyd-328) were  placed in the 
basin to break up the water s t r eam and to help distribute the flow as it  
rose  to the sur face  (Figure  7C). Great ly  improved flow conditions 
were obtained. However, it  appeared that be t te r  flow would resul t  if 
the abso rbe r  discharge was brought to the sur face  fu r the r  upstream in 
the afterbay. A cover  was placed over  the t r iangular  baffles to accom- 
plish this .  The cover  was the s a m e  width as the basin and extended 
from a point 4 inches downstream f rom the model d ra f t  tube outlet t o  
the downstream co rne r  of the side-wall  baffles (Figure 7C). This  
design caused the water to r i s e  viol.ently to the sur face  nea r  the a f te r -  
bay head wall. When the upstream end of the cover  was cut back to 
follow the s ides  of the upstream pier,  the action was somewhat l e s s  
violent b i ~ t  s t i l l  not acceptable. The use of a cover  over  the baffles 
fo r  this basin was abandoned. 

b 

The three baffles were  moved s o  that the one fa r thes t  upstream 
was 4 inches f rom the model d ra f t  tube outlet. The relative spacing 
between the th ree  baffles remained unchanged and no cover  was used. 5 

This  design produced good flow conditions in t he  afterbay, However, 



grind the basin wall  and f loors ,  The tendency to  collect and hold 
ma te r i a l  was great ly  reduced by replacing the ver t ica l  end wall  with 
a 45' slope (Figure  7C). However, some  of the l a r g e r  ma te r i a l  was 
s t i l l  held in the eddies behind the side-wall  baffles and i t  could not - be swept out of the basin by the abso rbe r  flow, Thus the side-wall  
baffle eddies, which were  fundamental in the s t i l l ing action of this 
over-al l  baffle design, prevented the basin-sweeping tendencies that 
were  desired.  The s t i l l ing basin investigation was  therefore  contin- 
ued using o ther  types of baffles, 

Vert ical ,  rectangular  baffles--sloping end. Two rows  of 
s taggered,  ver t ical ,  rectangular  baffles were placed on the basin 
f loor  (Figure 7D). The upstream row of th ree  baffles was placed 
4 inches f rom the model d ra f t  tube outlet, and the downstream row 
of two baffles was placed 4 inches behind the f i r s t  row.  The toe 
of the 45O sloping basin end wall was 1 6 . 5  inches (model) f rom the 
draf t  tube outlet. The two rows of rectangular  baffles exer ted only 
sl ight control  on the flow and the af terbay conditions were  s i m i l a r  
to the conditions obtained without baffles. To  a s s i s t  the baffles i n  
diverting the water  upward, a def lector  was placed a c r o s s  the basin 
floor immediately downstream from the draf t  tube outlet .  T h i s  deflec- 
tor,  in c r o s s  section, formed an i sosce les  tr iangle 1-112 inches high. 
T h e  effect of the deflector was too s e v e r e  and the flow was turned up- 
ward s o  that it  passed over  the end of the chute in a near ly  unbroken 
s t r e a m  and produced E X  ext remely  rough water  sur face .  Studies on 
o ther  s i m i l a r  def lectors  did not appear  to  be justified. 

Four  t ransverse  baffles--sloping end. Attempts were  made 
to br ing the flowing a i r -water  mixture to  the af terbay sur face  by 
11 peeling off" l a y e r s  of the s t r e a m  and direct ing them upward by means 
of horizontal t r ansve r se  baffles. Four  baffles were  used in the f i r s t  ' 
t e s t  (Figure  7E). The sloping basin end was retained because of its 
favorable debris-sweeping charac te r i s t ics .  Good flow conditior~s were  
obtained in the af terbay with this basin design, However, m o r e  water  
was  needed under the downstream baffle to help the basin-sweeping 
action, In subsequent designs this additional flow was obtained by placing 
the downstream baffle higher above the basin floor, 

T h r e e  t r ansve r se  baffles- -sloping end. For. reasons  of s i m -  
plicity, lower cost ,  and s t r u c t u r a l  s t rength,  fewer but l a r g e r  baffles 
appeared desirable.  Accordingly, three l a r g e r  baffles (Figure  ?I?) 
were  tr ied with good resu l t s ,  

Two t r ansve r se  baffles, inclined 1 5°--sloping end Two 
baffles w m s o  t r i e d ( F i g u r e  7G). These  were  tipped downstream 

I 
15O f rom the ver t ica l  position to produce converging passages  between 
the beams and the floor and thereby lessen  the danger  of subatmospheric  
p r e s s u r e s  along the lower  upstream baffle corners .  Considerable flow 



the chute was reduced to about 3g0 to aid in sweeping-rocks f rom the 
basin.  Moderately good flow was obtained. 

Recommended design. Other t e s t s  showed that the flow could 
be improved by increasing the height of the 4-inch model  baffles to 6 . 
inches (F igures  7H and 10). The higher baffles produced af terbay flow 
conditions a s  good o r  bet ter  than those obtained with the three tr iangu- 
l a r  baffles and afforded grea t ly  improved teadencies fo r  keeping the 
basin c l ea r  of debr i s .  Scour tes t s  made with tile high baffles in  the ba- 
s in  and pea-gravel instead of 1-1/2 gravel  in the upstream end of the 
excavated channel showed that a lmos t  no scour  occurred (F igure  9B). 
Changes in tai l-water elevation from l e s s  than the minimum a t  elevation 
6580. 0 up to the maximum a t  elevation 6593.0 showed that the basin w a s  
insensit ive to tai l-water depth. 

New baffles were  constructed of r ib-reinforced 118-inch- 
thick sheet  me ta l  (Figure  11). Each baffle was provided with nine 
118-inch-diametei. piezometers.  A single p re s su re  ce l l  was used f o r  
detecting the t ransient  piezometr ic  p r e s s u r e s  and the p r e s s u r e  ce l l  
s ignals  were  recorded with an oscillograph. The p r e s s u r e s  on the 
baffles were  above atmospheric  a t  a l l  operating conditions including 
operation at  the model  equivalents of the maximum discharge  of 604 cps,  
an  838-foot head and the minimum tai l -water  elevation of 6580.0 feet. 
The oscil lograph t r aces  reproduced in F igu res  1 2  and 13 a r e  fo r  this  con- 
dition, The elevation of the basin floor is represented by the solid l ine 
near  the bottom c\f the t r aces .  The elevation of each individuai piezometer  
is represented by tbie dashed line on the t race  fo r  that par t icu la r  piezom- 
e te r .  The distance between the dashed line and the p r e s s u r e  c e l l  t r ace  
represen ts  the p re s su re  at  the piezometer .  A sca le  i s  given on the 
f igures  s o  the actual  values can be determined. The loads imposed on 
the baffles by the flowing water  can be approximated from these p re s su re  
measurements ,  On the upstream baffle, which is subjected to the mos t  
s e v e r e  conditions, the maximum model p r e s s u r e  at thc cen te r  of the 
upstream face (piezometer 2) is 6 .  0 feet of water ,  At the cen te r  of the 
downstream face (piezometer 7) the minimum p r e s s u r e  is 3 . 3  feet of 
water .  The difference of 2. 7 feet, multiplied by the value of the ra t io  
of the prototype to  the model (9) gives the maximum prototype p r e s s u r e  
differential  of 24. 3 feet of water  between the cen te rs  sf the upstream 
and downstream faces  of the baffle. Other representat ive loads can be 
determined in a s i m i l a r  manner .  The rapidity of p r e s s u r e  fluctuations 
can  be determined by means of the t ime-lines included on the oscil lo- 
graph t r aces .  The  space between each fine line r ep re sen t s  0 . 0 1  seconds,  
and space  between the heavier l ines r ep re sen t s  0. 1 seconds,  

The baffle design was  considered sat isfactory f o r  use in  the 
prototype s t ruc tu re  because the p r e s s u r e s  on a l l  the su r f aces  were  
positive and because the baffle loads were  not excessive.  The over -  
a l l  basin and baffle design shown in F igure  7H and 14 i s  therefore  



indicated that  m i n o r  changes  in the baffle locat ions  (2 fee t  up o r  down- 
s t r e a m )  w e r e  p e r m i s s a b l e  in the prototype s t r u c t u r e  in o r d e r  t o  avoid 
const rbct ion joints,  

. Afterbay T r a i n i n g  Wal l  Def lec to r  

The  w a t e r  within the confines of the c o n c r e t e  a f t e r b a y s t r u c -  . tu re ,  due to  i t s  v e r t i c a l  velocity and t o  i t s  d e c r e a s e d  dens i ty  because  
of en t ra ined  a i r ,  had a higher  surfaccl than the w a t e r  in the excavated 
channel  downs t ream.  T h u s  when the w a t e r  e n t e r e d  the channel  f r o m  
the concre te  s t r u c t u r e  t h e r e  was  a tendency f o r  the  flow t o  s p r e a d  s ide -  
ways  as wel l  as downstream.  T h i s  tendency w a s  s m a l l  when the r e c o m  - 
mended s t i l l i n g  bas in  w a s  used,  but p e r s i s t e d  t o  s o m e  extent.  Ef fo r t s  
w e r e  made  to reduce  the tendency of the  w a t e r  to s p r e a d  t o  the lef t  s i d e  
because  of thc des i rab i l i ty  to  reduce  the w a t e r  ve loc i t i e s  to  a min imum 
along the left  channel  bank, T h e  s p r e a d i n g  was  reduced by plac ing a 
s m a l l ,  45O def lec to r  on the  ins ide  edge a t  the end of the left a f t e rbay  
t r a i n i n g  wa l l  ( F i g u r e s  10 and 14). T h i s  de f lec to r  is recommended  f o r  
the  f ield s t r u c t u r e ,  

T r a n s f o r m e r  Deck In te r fe rence  

Beam-suppor ted  deck .  T h e  t r a n s f o r m e r s  of the P o l e  Hi l l  
P o w e r  P lan t  wi l l  be mounted on a deck that  extends  o v e r  the a f t e rbay  
s t r u c t u r e ,  T h i s  deck,  in the p r e l i m i n a r y  design,  w a s  suppor ted  by 
l a r g e  beams ,  the lower  por t ions  of which w e r e  s u b m e r g e d  when the 
t a i l  w a t e r  w a s  a t  the maximum elevat ion (F igure  14). . It appeared  that  
these  b e a m s  would i n t e r f e r e  with the flow a t  high t a i l -wa te r  e levat ions  
and f o r m  an  air  t rap .  Model t e s t s  showed that the b e a m s  did i n t e r f e r e  
with the flow, although not a s  much  as was  expected;  and that air did 
col lec t  in the s p a c e  between the two d e e p  beama.  T h e  air p r e s s u r e  
build-up was  l imited,  however,  because  upon r e a c h i n g  0 . 0 7  fee t  of 

, w a t e r  (model)  the p r e s s u r e  w a s  re l ieved when s o m e  of the  air escaped  
to the a tmosphere .  

F l a t - s l a b  deck.  T o  l e s s e n  the flow i n t e r f e r e n c e  and the air e n t r a p -  
m e n t  a deck w a s  proposed which consis ted  of a thick re in fo rced  concre te  
s l a b  with a f lat  undersur face  a t  e levat ion 6594.25; the highest  elevation 
that  was  economical ly  feas ib le  f o r  the  s t r u c t u r e .  T h i s  height w a s  found 
t o  be not g r e a t  enough to  c l e a r  t h e  boi l  caused by the a i r - w a t e r  mix tu re  
r i s i n g  to  the s u r f a c e .  A s  a r e s u l t  the flak s l a b  i n t e r f e r e d  with the flow 
m o r e  than the beam-suppor ted  deck  and produced e x c e s s i v e  d i s t u r b a n c e s  
in  the openings f o r  the d r a f t  tube c l o s u r e  g a t e s .  T h e s e  openings a r e  
shown in F i g u r e  14  f o r  the  beam -suppor ted  deck.  

I 

I #  Recommended deck.  T h e  re la t ive ly  m i n o r  flow i n t e r f e r e n c e s  
I 

produced by the  beam-suppor ted  t r a n s f o r m e r  deck, and the fact that  

i the  maximuxr) t a i l  w a t e r  can  o c c u r  only dur ing  an e x t r e m e  flood, led 



prototype s t ruc tu re  provided the air t r a p  was vented. The beam- 
supported deck with s ix  3-inch o r  l a r g e r  vents through the two deep 
beams to  pe rmi t  the continual escape  of air f rom between the beams  
is therefore  recommended fo r  the field s t ruc tu re  (Figure 14). 

The  above completed the s tud ies  of the stilling bas in  fo r  the 
energy absc rbe r  discharge at Pole  Hill Power Piant. 

1: 8. 8 Model of the Flat i ron Afterbay 

After the completion of the Po le  Hill studies the af terbay 
portion of the model (Figure 15A)  was modified to  approximately 
represent ,  a t  a 1: 8. 8 scale,  the cen t r a l  portion of the F la t i ron  
Power Plant afterbay (Figures  15B and 16). The cent ra l  portion, 
ra ther  than the left s ide  of the afterbay, was chosen because  s t i l l -  
ing basin the re  would be unconfined whereas  the basin a t  the  left of 
the afterbay would be partially confined and therefore  somewhat s i m -  
i la r  to  the previously tested Pole  Hill basin.  The energy a b s o r b e r  
was used without change and the 1: 8.8 sca l e  was determined by the 
rat io  of the 10. 33-inch exit width of the model draft tube to  the 9 1- 
inch exit width of the prototype draf t  tube. The 8-inch exit  height 
of the model draf t  tube was l e s s  than the equivalent 8.67-inch height 
oi the p r o t o t p e  tube and this discrepancy resul ted in higher than 
equivalent water  velocities enter ing the model basin. The  d i sc rep -  
ancy was permit ted because the t r u e  flow conditions would be sa t i s -  
factory i f  these  m o r e  severe  conditions could be  controlled. 

I The Flow in the Afterbay 

The f i r s t  model t e s t s  were  made  using the s a m e  sti l l ing 
basin and baffles that were used in the recommended Pole  Hill de-  
sign (F igures  7H and 14) and with a flow equivalent to  the 475 c f s  
prototype discharge a t  a 1, 055-foot head and with the minimum 
tail-water elevation of 5462.0. T h e  flow in the af terbay was rough 
at the head wall due to  the a i r -wa te r  mixture  r is ing to the af terbay 
surface f a r the r  upstream than i t  did in the Pole  Hill model. The  
difference between the way the a i r -wa te r  mixture  rose  t o  the s u r -  
face in the Flat i ron afterbay and in the way it r o s e  in the Po le  Hill  
afterbay was  due to the absence of a training wall next to  the s t i l l -  
ing basin on the Flat i ron s t ruc ture  and to  a lqss  uniform a i r -wa te r  
mixture at t'le draf t  tube exit. The cause and influence of tile d i f fe r -  
ence in the a i r -water  mixtu1.e is discussed latkr in this report .  The 
water surface,  which was rough a t  the af terbay head wall, smoothed 
out  rapidly as ths water r o v e d  downstream and oniyafew sma l lwaves  
remained when the water neared t!ne e n d  of the paved channel. 

The  amount of a i r  supplied to  the model abso rbe r  d i rec t ly  
influenced the amount of disturbance in the afterbay with the d is -  
turbance increasing a s  the a i r  supply was increased. The  effect 
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the conditions when no air; 9 percent  a i r ,  and 18 percent  a i r  by vol- 
ume, respectively,  w e r e  supplied to the absorber .  The water  d i s -  
charge  and the head on the by-pass valve were maintained a t  model 
values  equivalent to the maximum prototype d ischarge  of 475 cfs  at  . a head of 1,055 feet and the minimum tail-water elevation of 5462.0. 
The  9 percent quantity of air is that quantity requi red  to just quiet 
(by e a r )  the cavitation in  the model abso rbe r  a t  these  operat ing con- . ditions.  The 18-percent quantity is the maximum amount the ab- 
s o r b e r  would take with the a i r  inlet valve fully opened. These  air 
quanti t ies a r e  higher than those obtained for  the Pole  Hill model 
mainly because of the g r e a t e r  head a t  which the Flaf i ron model  operated.  

A i r  Entrainment and Separat ion within the Absorber-Draft  Tube Assembly 

The pronounced effect  of the quantity of a i r  supplied to the 
a b s o r b e r  upon the af terbay flow conditions i s  due to the distribution 
of the a i r -water  mixture a s  i t  d i scharges  out of the abso rbe r  draf t  
tube. This  mixture distribution is in turn governed by the flow con- 
dit ions within the absorber .  The s i z e s  of the a i r  bubbles created in 
an air*-water mixing p r o c e s s  depend largely upon the velocity a t  which 
the water  e n t e r s  the mixing region. In this case  the velocity is a func- 
tion of the head different ia l  a c r o s s  the by-pass valve.  A s  the head is 
increased  the water. velocity i s  increased and s m a l l e r  a i r  bubbles a r e  
c rea ted .  Each smal l  bubble has  only slight buoyancy and it exhibits 
little tendency to r ise  through the water.  In the cone and bowl a s s e m -  
bly inside the absorber  (F igure  5) where the a i r  f i r s t  mixes  with the 
water  the high entering wa te r  velocity and the ensuing turbulence c r e -  
a te  a uniform a i r -water  mixture  in which most of the a i r  bubbles a r e  
sma l l .  When the a i r -water  mixture  moves out of the bowl assembly  
and into the la rge  d iameter  d ra f t  tube the ex t reme water  velocit ies 
and turbulences diminish. At some  downstream point the turbulence 
d e c r e a s e s  to the extent that the na tura l  tendency of the bubbles to 
ga ther  into fewer  and l a r g e r  bubbles occurs  and buoyancy becomes a 
predominant force aiding air separat ion.  This  separa t ion  continues 
while the flow moves through the absorber  draf t  tube. 

Another influence which tends to promote a i r  separat ion i s  
p resen t  in the 90° elbow a t  the draf t  tube entrance (F igure  5).  A s  the 
flow moves around this elbow centrifugal force moves  the water  toward 
the outside (bottom) of the bend while the air ,  being l e s s  dense,  moves 
toward the inside (top). T h i s  r e su l t s  in a concentration of a i r  a t  the top 
of the draf t  tube passage.  

By the time the flow reaches  the draf t  tube exit the combined 
effects  of the centrifugal actiqn and the buoyant r i s e  produces consid- 
e r a b l e  more  air in the upper  half of the passage than in the lower half. 

# 

When this concentration of a i r  is discharged into the af terbay the buoy- 
ancy of the a i r  and the action of the upstream st i l l ing basin baffle quick- 
ly overcome the almost negligible momentum of the air in the horizon- 
ta l  direction.  The a i r  then r i s e s  rapidly through the ta i l  water  nea r  the 



s i z e  o f t h e  boil i n c r e a s e s  o r  d e c r e a s e s  with i n c r e a s e s  o r  dec reases  in 
the supply of a i r .  

The  amount of air which i s  able to s epa ra t e  f rom the water  in 
the draf t  tube is influenced by the r a t e  of r i s e  of the air bubbles. If a 
given r a t e  of r i s e  i s  assumed,  the amount of a i r  which will  separa te  
f rom the water  (up to the maximum amount of f r e e  air in the mixture) 
depends upon how long the separat ion is allowed to continue. The t ime 
available within the abso rbe r  depends upon the velocity of the flow 
through the absorber .  T h i s  in turn depends p r imar i ly  upon the r a t e  of 
water  discharge.  Less  water  (2. 06 cfs)  was required in the Flat i ron 
t e s t s  than in the Pole Hill t e s t s  (2.48 cfs)  and thus m o r e  t ime was 
available f o r  separation in the Flat i ron tes ts .  T h i s  is believed to be a 
contributing reason why, when a given percentage of a i r  was  admitted, 
m o r e  a i r  separation occur red  in the Flatiron tes t s  than in the Pole Hill 
t es t s .  

An important consideration concerning air entrainment  and sub-  
sequent par t ia l  separat ion is that a i r  entrainment cannot be accurately  
represented in the usual s ca l e  model. A i r  entra inment  is v e r y  grea t ly  
affected by the operat ing heads (velocities) and the air separat ion de-  
pends upon the actual  turbulences,  velocities, and t ime in te rva ls  appli- 
cable to the par t icular  s t ruc tu re .  The model studies,  which used heads 
of about one-ninth prototype, and water  velocit ies of about one-third 
prototype, probably had too little a i r  entra inment  and mixing, and too 
much a i r  separation.  The  prototype operation is expected to  occur  
with a mucn m o r e  uniform a i r -wa te r  mixture a t  the basin entrance than 
was  sblained in the model with the resul t  that the prototype af terbay 
will be re la t ively smoother  a t  the afterbay head wall  than indicated by 
the model.  A large portion of the prototype a f te rbay  will be white and 
foamy during by-pass operation due to the la rge  volume of a i r  entrained 
in the water  in the form of smal l ,  slowly r i s ing  bubbles. 

Attempts to Minimize the Ef fec t  of Air  on the Afterbay Water  Surface - 
Baffles inclined 30°. Regard less  of the fact that the prototype 

abso rbe r  discharge is expected to  be more  uniform in a i r -wa te r  d i s t r i -  
bution than the model discharge changes were  made in the baffles of the 
model s t i l l ing basin i n  a t tempts  to minimize the tendency f o r  the air to 
roughen the flow at the af terbay head wall. An inc rease  in the slope of 
the baffles f r ~ m  the original  150 to 300 (Figure 18A) had little o r  no ef-  
fect  on the flow,,, 

Downstream baffle only--inclined 15'. The  removal  of the up- 
s t r e a m  b 3 R T  downstream baffle, (Fig-  
u r e  18B), permitted the a i r -wa te r  mixture  to sur face  f a r t h e r  downstream 
with the resu l t  that the wa te r  sur face  a t  the af terbay head wall  was 
smoother,  but the water  sur face  nea r  the end of the lined Lasin and the 



face boil w a s  e r r a t i c - in  both intensity and location. 

Two baffles inclined. l5O- -upstream one raised. Reinstalling . the upstream baffle at  a 15" angle, but at a higher elevation (Figure 18C), 
resul ted in flow s imi l a r  t o  that with the original (Pole  Hill) baffle de-  
s ign (Figure 18D). A repea t  run with the baffles i n  the original position 

o reaffirmed these results.  

Recommended design. An appra isa l  of the flow in  the af terbay 
led to the conclusion that although the water  sur face  in the upstream 
par t  of the afterbay was rougher  than desired,  no damage would occur  
to the power plant o r  to any portion of the paved channel. Likewise no 
damage would occur  in the riprapped channel below the paved secti'on 
because the water  surface was  relatively quiet in this a r e a  and no swift 
cu r ren t s  o r  la rge  eddies existed. Thus, i t  was decided that basins s i m -  
ilar to  the Pole  Hill basin design would be sat isfactory on the Flat i ron 
s t ruc ture  and this basin design is therefore  recommended (Figure 18D). 

P r e s s u r e s  on the Stilling Basin Floor 

P r e s s u r e s  were measured on the center  line of the horizontal 
basin floor a t  points 2 inches and 15 inches (model) downstream f rom 
the draf t  tube outlet (Figure 18D). These  p r e s s u r e s  were  found to  be 
approximately equal to the depth of the water  above tihe floor. The up- 
s t r e a m  p res su re  was slightly l e s s  than'the downstream. The amount 
of a i r  admitted to the absorber  affected the p r e s s u r e s  in such a way 
that the p r e s s u r e s  decreased slightly a s  the air supply was  increased.  
The  floor pressures ,  expressed  as equivalent water  sur face  elevations, 
a r e  given in Table I fo r  operation with the model equivalents of the ful l  
475 cfs  discharge and 1,055-foot head and the minimum tail-water e le- 
vation of 5462.0 feet. 

Table 1 

Piezometer  No Ai r  9 percent air 18 percent  air 
1 5462.6 5461.8 5461.0 
2 5463.4 5462.7 5462.5 

These  p r e s s u r e s  show that no la rge  uplift fo rces  will occur  on 
the basin floor due to flow conditions. 

Effect of Removing the Elbow f r o m  the Absorber  Draft Tube 

T o  determine if  improved flow charac te r i s t ics  would be rea l -  . ized by omitting the elbow from the draf t  tube, the 900 bend w a s  removed 
from the model. The cone and bowl assembly  was  placed d i rec t ly  on 
the upstream end of the diverging portion of the tube (Figure 19). F o r  
a given s e t  of ~ p e r a t i n g  conditions there  was considerably less air 
demand with the modified draf t  tube than with the original one. This 



the cone and bowl assembly  due to t h e i r  being l o c k e d  m o r e  deeply under 
the af terbay water  surface.  A t  the equivalent Pole  Hill operat ing con- 
dit ions of 604 cfs, an 838-foot head, and the minimum tai l  water,  the 
maximum quantity of a i r  taken through the a i r  inlet sys t em was 8.  3 per -  
cent. Originally the abso rbe r  took 12 .5  percent.  Velocity t r a v e r s e s  
were  obtained by means of a pitot tube a t  the s a m e  s ta t ions  used f o r  the 
t r a v e r s e s  on the draf t  tube containing the bend. These t r a v e r s e s  showed 
that a high-,velocity s t r e a m  moved along the cen te r  line of the tube and 
that re la t ively low -velocity flow occur red  nea r  the tube wal ls  (Figure  19). 
T h i s  velocity distribution was f a r  different f rom the des i red  uniform d i s -  
tribution. The velocity distribution of the center  t r ave r se  was a l s o  
measu red  when no air was  supplied to the absorber .  T h e  distribution 

I was  found to be of the s a m e  genera l  shape as the distribution with air 
present,  but of generally lower velocit ies (Figure  19B). 

During operations with a i r  in  the absorber ,  v i sua l  examination 
of the flow a s  it entered the s t i l l ing basin showed that the a i r -wa te r  mix- 
tu re  was near ly  uniform a c r o s s  the draft-tube exit.  As a resu l t  the s t i l l -  
ing  basin w a s  effective i n  distr ibuting and quieting the flow, and the a f te r -  
bay flow conditions were  not great ly  changed by shutting off the a i r ,  
(F igures  20, A and B). Apparently air has  l e s s  effect upon the flow d i s -  
tribution through the abso rbe r  d ra f i  tube and upon the af terbay flow con- 
ditions when the elbow is omitted f rom the absorber  draft  tube. 

Examination of the velocity prof i les  shown in F igu res  6 and 19 
leads to the conclusion that the 90O elbow, a s  placed in  the or iginal  ab- 
s o r b e r  draft  tube (F igure  5), appreciably reduces  the velocity concen- 
tration; but t ends  to increase  the separat ion of a i r  f rom the water.  From 
the point of view of obtaining quiet flow in the af terbay the s t ra igh t  draf t  
tube is bet ter  than the one with the 90' elbow because the benefits der iv-  
ed f rom the improved a i r -water  mixture  distribution are grea t e r  than the 
detr imental  effects of the higher flow velocities. 

















(A) The afterbay before scour 
tests 

(B) Afterbay water surface with the 
maximum discharge of 604 cfs, 
minimum tailwater of 6580, and 
maximum head of 838 feet-870 a i r  
admitted to the absorber. 

ILLING BASIN STUDIES FOR DISCHARGE FROM ENERGY ABSOI 
POLE HILL POWER PLANT 

Afterbay Using Basin Without Baffles, 
and With Slo~inp  Floor at Downstream End. 

ure 8 

H Y ~ .  



#LING B 

lcour in 
Dischm 
mum f 

4 Scour in 14-inch gravel with 
the basin withoat 5zSfles and 
with the sloping end. 

(13) Scour in a-inch pea gravel 
with recommended basin 
design 

ASIN STUlDLES FOR DISCHARGE FROM ENERGY ABSC 
POLE HILL POWER PLANT 

Afterbay Channel After 24 Hours Operation With Maxin 
.ge of 604 cfs, Minimum Tailwater of 6580.0, and Maxi 
Iead of 838 Feet. 8% Air Admiited to Absorber 

1:9 Scale Model 

Repo 

IRBER 

lum - 

~rt Hyd. 353 



Afterbay water surface with maximum 
discharge of 004 cfs, normal tailwater 
of 6586.0, and maximum bead of 838 
feet. 89% air admitted to the abscrber 

STILLLNG BASIN STUDIES FOR DISCKARGE FROM ENERGY ABSORBER 
POLE HILL POWER PLANT 

Flow in the Afterbay With Recommended Stilling Basin Design 
1:9 Scale Model 



,..Bottom o f  b a f f l e  :-Upstreom face of  b o f f l e  ... Bottom o f  b o f f l e  

P i e t o m e t e r s  in 
the bottom foce 

U P S T R E A M  P A C E  T O P  A N 0  B O T T O M  F A C E S  D O W N S T R E A M  F A C E  
V I E W  L O O K I N G  D O W N S T R E A M  V I E W  L O O K I N G  U P S T R E A M  

N o t e :  P~ezometers  11,12,ond etc. o r e  in the  oornstreom baffle In the some positions a s  p i e z o m s t t r s  I, 2, etc 

A. LOCATION OF PIEZOMETERS IN THE BAFFLES 

B. POSITION OF THE BAFFLES IN THE BASIN 

STILLING BASIN STUDrES FOR DISCHARGE FROM ENERGY ABSORBERS 
POLE HILL AND F L A T I R O N  POWER P L A N T S  

RECOMMENDED STILLING BASIN BAFFLES, AND LOCATION OF BAFFLE P IEZOMETERS 

119 AND 1:88 SCALE MODELS 









A. P O L E  H lLL  AFTERBAY MODEL 
1 : s  S C A L E  

8. FLATIRON AFTERBAY MODEL 
l:lb S C A L E  

S T I L L I N G  BASIN S T U D I E S  FOR DISCHARGE FROM ENERGY ABSORBERS 
P O L E  H I L L  AND F L A T I R O N  POWER P L A N T S  

MQDIFICAT IONS TO CHANGE 1:9 POLE H I L L  AFTERBAY MODEL 
TO I:88 F L A T I R O N  AFTERBAY M O D E L  





Figure 17 
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(A) No Air 

(B) 9% Air 

(C) 1870 Air 

STILLING BASIN STUDIES FOR DISCHARGE FROM ENERGY ABSORBER 
FLATIRON POWER PLmT 

Effect of Quantity of Air Admitted to Absorber Upon Water Surface in 
Afterbay - Recommended Basin Design 

Q = 475 c f s  H 3 1055 feet T W  = 5462.0 
1: 8 .8  Scale 







(A) No Air 

(B) 11% Air 

TILLING BASIN STUDIES FOR DISCHARGE FROM ENERGY AESOR 
FLATIRON POWER PLANT 

Redr~ced Effect of Air Admitted to Absorber Upon Afterbay Water 
Surface When Using Straight Absorber Draft Tube 
Q = 475 cfs H = 1055 feet T W  = 5462. 0 

1: 8.8 ScaZe 
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